Background In Japan, S-1, an oral fluoropyrimidine, plus cisplatin is a standard regimen for advanced gastric cancer, whereas nab-paclitaxel is a treatment option. We aimed to evaluate the tolerance, pharmacokinetics, safety, and clinical efficacy of S-1 combined with nab-paclitaxel in patients with advanced gastric cancer in a phase 1 study. Methods The primary objective was to determine the maximum tolerated dose (MTD) and recommended dose (RD) of S-1 plus nab-paclitaxel. The study was designed in accordance with a standard 3 ? 3 method. Patients received 3-week cycles of treatment. S-1 was administered orally at 80 mg/m 2 twice daily for 14 days, and nab-paclitaxel was administered as an intravenous infusion at 180, 220, or 260 mg/m 2 on day 1 or 8. Results Among the 16 patients enrolled, dose-limiting toxicity was observed in one patient at level 2a (S-1 80 mg/ m 2 twice daily plus nab-paclitaxel 220 mg/m 2 on day 1). The MTD was not obtained, but the RD was established as level 3a (S-1 80 mg/m 2 twice daily plus nab-paclitaxel 260 mg/m 2 on day 1). The most common grade 3-4 toxicity was neutropenia (62.5 %). The overall response rate was 54.5 %. The pharmacokinetic profiles of coadministered S-1 and paclitaxel were comparable to those of nabpaclitaxel or S-1 alone. Conclusions Based on the present results, the RD was determined as level 3a (S-1 80 mg/m 2 twice daily plus nabpaclitaxel 260 mg/m 2 on day 1). This combination therapy was well tolerated and showed antitumor efficacy in patients with advanced gastric cancer.
Introduction
Gastric cancer is the third leading cause of cancer deaths worldwide and the second leading cause in Japan. Although the prevalence of gastric cancer is tending to decrease around the world, it continues to increase in Japan because of the aging population [1] .
Although advanced gastric cancer is generally treated with both surgery and chemotherapy, advanced unresectable or recurrent gastric cancer (AGC) is treated with chemotherapy alone. Chemotherapy for advanced unresectable or recurrent gastric cancer has become highly cytoreductive based on remarkable progress in treatment, but remains insufficiently effective to result in a complete cure and has some unsatisfactory outcomes, thus requiring the development of new treatment strategies.
In Japan, clinical studies have been conducted with a focus on 5-fluorouracil (5-FU) for many years. In the JCOG9205 trial [2] , 5-FU/cisplatin (CDDP) combination therapy did not provide statistically significant survival benefits compared with 5-FU alone when given as a continuous intravenous infusion. Therefore, 5-FU monotherapy has been recommended in Japan since that time.
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& Norisuke Nakayama norisuke@kcch.jp S-1, an oral fluoropyrimidine, is based on biochemical modulation of 5-FU. S-1 is designed to maintain high levels of 5-FU in plasma and tumor cells with reduced gastrointestinal toxicity by combining tegafur (FT), a prodrug of 5-FU, with the biomodulators 5-chloro-2,4-dihydroxypyridine (CDHP) and oteracil potassium (Oxo) [3] .
Two phase III studies on use of S-1 for AGC have been reported. As the JCOG9912 trial [4] demonstrated noninferiority of S-1 to 5-FU in terms of overall survival (OS) and the SPIRITS trial [5] demonstrated superiority of S-1/ CDDP combination therapy (SP therapy) to S-1 alone in terms of OS, SP therapy has been established as a standard therapy for gastric cancer in Japan, and clinical development has focused on S-1.
Given the report by Nukatsuka et al. [6] that the combination of paclitaxel and S-1 resulted in a synergistic reduction in tumor mass in a mouse model of human breast cancer, clinical studies of combination therapy with paclitaxel and S-1 for AGC have been conducted in anticipation of synergy between these two drugs. This combination therapy was shown to be highly effective, with response rates ranging from 50 % to 60 % in clinical studies [7] [8] [9] .
Paclitaxel, which is insoluble in water and therefore had been dissolved in Cremophor EL (polyoxyethylene castor oil) and anhydrous ethanol, was often associated with side effects related to these vehicles. Nanoparticle albuminbound paclitaxel (nab-paclitaxel) was created to resolve these vehicle-related problems by binding paclitaxel to albumin and thereby making it soluble in physiological saline. Nab-paclitaxel has been clinically developed for breast cancer, non-small cell lung cancer, and pancreatic cancer, among others. It has also been clinically developed for gastric cancer in Japan, and the results of a phase II study have been published [10] . In the study, it was found that nab-paclitaxel given at a dose of 260 mg/m 2 every 3 weeks as a second-line treatment for previously 5-FUtreated AGC resulted in a response rate of 27.6 % and a median survival of 9.2 months.
Nab-paclitaxel and S-1 damage cells through different mechanisms of actions. The main toxicity shared by nabpaclitaxel and S-1 is myelosuppression, with no other common toxicological profiles that may affect the continuation of treatment. In addition, the results of nonclinical studies indicated a high efficacy of this combination therapy arising through synergism, leading to our decision to conduct a study of S-1 combined with nab-paclitaxel in patients with AGC [6] . In the present phase I study, we aimed to evaluate the tolerance, pharmacokinetics, safety, and clinical efficacy of S-1 combined with nab-paclitaxel in patients with unresectable or recurrent gastric cancer.
Patients and methods
This study was conducted in accordance with the Good Clinical Practice guidelines and the Helsinki Declaration, and the protocol was approved by the Institutional Review Board of each participating medical institution before initiation of the study. Written informed consent was obtained from all patients before participation in the study.
Study objectives
The primary objective of the study was to determine the maximum tolerated dose (MTD) of nab-paclitaxel and the recommended dose (RD) of S-1/nab-paclitaxel combination therapy in patients with AGC. The secondary objectives were to evaluate the safety and efficacy of S-1/nabpaclitaxel combination therapy and to evaluate the pharmacokinetics.
Patients
Patients with AGC who met all the following criteria were eligible to participate in the study: unresectable or recurrent gastric cancer histologically or cytologically diagnosed as adenocarcinoma; evaluable lesion(s) identified by imaging (e.g., CT), with or without measurable lesion(s) defined by the Response Evaluation Criteria in Solid Tumors (RECIST) v1.1; previously untreated with chemotherapy for AGC, except for preoperative or postoperative adjuvant chemotherapy, which was allowed for patients with recurrent gastric cancer who had evidence of recurrence on images 180 days or more after the completion of chemotherapy; Eastern Cooperative Oncology Group performance status of 0-1; and neutrophil count C2,000/mm 3 , hemoglobin C8.0 g/dl, platelet count C100,000/mm 3 , serum total bilirubin B1.5 times upper limit of normal (ULN), creatinine clearance C60 ml/min, and aspartate aminotransferase, alanine aminotransferase, and alkaline phosphatase levels B2.5 times ULN. Patients who met any of the following criteria were excluded from the study: peripheral sensory neuropathy or peripheral motor neuropathy. HER2 status was not included in the eligibility criteria.
Study design
This was a phase I, multicenter, open-label, 3 ? 3 design, dose-escalation study, conducted at three institutions in Japan. Three patients were enrolled at each level. If doselimiting toxicity (DLT) occurred in one of the three patients, an additional three patients were enrolled. The dosage schedules are shown in Fig. 1 , and the dosages at each level are shown in Table 1 . If one or fewer of three patients experienced DLT at level 3a or 3b, an additional three patients were enrolled and a total of six patients were evaluated. The dose level of S-1 was 80 mg/m 2 based on body surface area (BSA) and administered orally at a dose of 40 mg/m 2 twice daily for 14 consecutive days, followed by a 7-day washout. Nab-paclitaxel was administered at three dose levels of 180, 220, and 260 mg/m 2 (level 1, level 2, and level 3, respectively) based on the BSA, and administered as an intravenous infusion over 30 min on day 1 or 8. Administration of nab-paclitaxel was performed according to two dosage schedules: schedule A (administration on day 1) and schedule B (administration on day 8); this was based on the assumption that neutropenia would frequently occur at approximately 8 days after administration of nab-paclitaxel. In other words, if nabpaclitaxel was administered on day 8, nab-paclitaxel-related myelosuppression would occur on day 15, when S-1 was not administered for washout, resulting in an increased probability of continued S-1 therapy and allowing an exploration of the dosage schedule for nab-paclitaxel. The dose levels were changed as shown in Fig. 2 . Each cycle could be started if all the following criteria were met: neutrophil count C1,500/mm 3 ; platelet count C75,000/ mm 3 ; and grade 2 or less peripheral sensory neuropathy. S-1 was suspended if any of the following criteria were met during any cycle: neutrophil count \1,000/mm 3 ; platelet count \50,000/mm 3 ; and grade 3 or higher diarrhea or oral mucositis. The criteria for dose reduction were as follows: both S-1 and nab-paclitaxel were reduced if neutrophil count \500/mm 3 persisted for at least 3 days, febrile neutropenia occurred, or platelet count decreased to 50,000/mm 3 or less; only nab-paclitaxel was reduced if grade 3 peripheral sensory neuropathy occurred; and only S-1 was reduced if grade 3 diarrhea or oral mucositis occurred.
Definition of dose-limiting toxicity
The severity of treatment-related adverse events was evaluated in accordance with the Common Terminology Criteria for Adverse Events (CTCAE) Version 4.0, and DLT was defined as any of the following treatment-related adverse events observed in the first cycle: grade 4 neutropenia that persisted for at least 3 days; febrile neutropenia; other grade 4 hematotoxicity; grade 3 or higher nonhematological toxicity; treatment-related adverse event leading to a delay of 8 days or more in the start of the second cycle; and treatment-related adverse event leading to skipping of the nab-paclitaxel dose on day 8 specified in schedule B.
Estimation of MTD and determination of RD
The MTD was defined as the dose level at which at least two of three patients or at least two of six patients experienced DLT. In principle, the RD was defined as the dose level immediately below the estimated MTD. 
Results

Patient characteristics
A total of 16 patients were enrolled in the study between August 2011 and July 2013, and followed up until September 2014. All patients received at least one cycle of study treatment and were included in the safety and efficacy analyses. Among the 16 patients, 1 patient at level 3a who discontinued use of S-1 without permission was excluded from the DLT evaluation because of poor treatment compliance. The patient characteristics are summarized in Table 2 . The 16 patients comprised 12 males and 4 females, of whom 1 had postoperative recurrent gastric cancer and 15 had unresectable gastric cancer; 14 patients had nodal metastasis, and 7 had peritoneal metastasis.
DLT, MTD, and RD
Enrollment of patients was started at level 1a, and the three patients at this starting dose level experienced no DLT. Enrollment at level 2a was started in accordance with the specified procedure for progression to the next level. At level 2a, one of three enrolled patients experienced treatment-related adverse events corresponding to DLT. These treatment-related adverse events were grade 3 fatigue, grade 4 hyperkalemia, and grade 3 anorexia. An additional three patients were enrolled at level 2a, but none experienced treatment-related adverse events corresponding to DLT, thus leading to progression to level 3a. At level 3a, one of three enrolled patients discontinued use of S-1 without permission and was considered ineligible for the DLT evaluation. Therefore, an additional patient was enrolled. None of the three patients included in the DLT evaluation experienced treatment-related adverse events corresponding to DLT, leading to the enrollment of an additional three patients in accordance with the specified procedure. None of these three patients experienced treatment-related adverse events corresponding to DLT. As a result, the MTD was not obtained, and the RD was determined to be level 3a. Consequently, schedule B was not implemented. A phase I study of S-1 in combination with nab-paclitaxel ... 353
Treatment administered and safety
The 16 enrolled patients received a total of 102 cycles of study treatment, with a median of 6 cycles (range, 1-18). Adverse events leading to nab-paclitaxel dose reduction were peripheral sensory neuropathy in 7 patients (43.8 %), neutropenia in 2 patients (12.5 %), and febrile neutropenia in 1 patient (6.3 %). Adverse events leading to S-1 dose reduction were neutropenia in 2 patients (12.5 %), febrile neutropenia in 1 patient (6.3 %), and anorexia in 1 patient (6.3 %). Four patients needed dose reduction to the -2 level, all because of peripheral sensory neuropathy. Start of treatment was delayed in 5 patients because of the following adverse events: neutropenia in 2 patients (12.5 %); fatigue in 1 patient (6.3 %); nausea in 1 patient (6.3 %); and anorexia in 1 patient (6.3 %). Treatment was discontinued for the following reasons: disease progression in 6 patients; adverse events in 9 patients; and completion of the study in 1 patient. Adverse events leading to discontinuation of treatment were peripheral sensory neuropathy (n = 6), fatigue (n = 1), anorexia (n = 1), hyperkalemia (n = 1), infectious enteritis (n = 1), sepsis (n = 1), pyloric stenosis (n = 1), and hip fracture (n = 1). Treatmentrelated adverse events reported in at least 25 % of all patients are listed in Table 3 . Common treatment-related adverse events were neutropenia (87.5 %; n = 14), leucopenia (87.5 %; n = 14), peripheral sensory neuropathy (93.8 %; n = 15), alopecia (93.8 %; n = 15), and skin hyperpigmentation (68.8 %; n = 11). Common grade 3 or higher treatment-related adverse events were neutropenia (62.5 %; n = 10), peripheral sensory neuropathy (37.5 %; n = 6), and anorexia (31.3 %; n = 5). Serious adverse events were reported in 8 patients (50.0 %). Regarding these adverse events, those reported in 5 patients were assessed as reasonably related to treatment, including febrile neutropenia, peripheral sensory neuropathy, hyperkalemia, fatigue, anorexia, and obstruction gastric. There were no treatment-related deaths during the study.
Efficacy
For 11 patients with measurable lesion(s) defined by RECIST v 1.1, the response rates are shown in Table 4 . No patients had complete response (CR), 6 patients had partial response (PR), 3 patients had stable disease (SD), and 2 patients had progressive disease (PD), with an overall response rate (ORR) of 54.5 % (95 % CI, 23.4-83.3). The median progression-free survival (PFS) in all patients was 5.8 months (95 % CI, 4.3; not reached).
Pharmacokinetics
A total of nine patients, including three patients at level 1a, three patients at level 2a, and three patients at level 3a, were included in the pharmacokinetic evaluation. The pharmacokinetic parameters of the S-1 components and paclitaxel are summarized in Table 5 . As S-1 was administered at a fixed dose during the different levels of combination therapy, there were no differences in any parameters for the S-1-derived FT, 5-FU, CDHP, and Oxo among the levels after administration of S-1 in combination with nab-paclitaxel. Also, the pharmacokinetic parameters of S-1 and nab-paclitaxel in this study were almost comparable to those of each compound in previous studies of S-1 monotherapy [11] [12] [13] or nab-paclitaxel monotherapy [14] .
Discussion
In this study, the dose level was escalated up to level 3a, but the MTD was not obtained. However, the RD for combination therapy was determined to be 80 mg/m 2 for S-1 and 260 mg/m 2 for nab-paclitaxel, a combination of the RD of each drug administered alone. The median relative dose intensity (RDI) of nab-paclitaxel and S-1 during the first two cycles was 97.5 % and 87.20 % at level 1a, 97.50 % and 95.95 % at level 2a, and 100.00 % and 73.20 % at level 3a, respectively. The RDI of S-1 at level 3a was lower because one patient at this level suspended S-1 without permission; however, the treatment C max maximum plasma concentration, t max time to C max , AUC area under the concentration-time curve, AUC 0-12 AUC from 0 to 12 h, AUC inf AUC from 0 to infinity, t 1/2 terminal elimination half-life a AUC 0-72 compliance did not differ among the dose levels in patients who were evaluated for the DLT, excluding this patient. The only treatment-related adverse event that occurred more frequently after coadministration of S-1 and nabpaclitaxel, compared with either drug alone [5, 10] , was neutropenia. Specifically, the incidence of grade 3 or higher treatment-related neutropenia was 62.5 % (10 patients) in the present study, compared with 11 % (16 patients) for S-1 alone [5] and 49.1 % (27 patients) for nab-PTX alone [10] , suggesting that our combination therapy may be associated with increased myelosuppression.
Neutropenia required prolonged washout (delay in the start of the next cycle) in only 2 patients at level 3a (12.5 %) among the 16 patients. Neutropenia led to suspension of S-1 in 7 (43.8 %) of 16 patients, comprising 2 patients (66.7 %) at level 1a, 1 patient (16.7 %) at level 2a, and 4 patients (57.1 %) at level 3a. Neutropenia quite often led to suspension of S-1, but progressed to febrile neutropenia in only 1 patient at level 1a. In addition, neutropenia required G-CSF therapy in only 2 of 16 patients and could be managed by suspension in many patients, indicating that this adverse event can be controlled with appropriate treatment.
Peripheral sensory neuropathy, the most common adverse event related to nab-paclitaxel, was reported in 15 (93.8 %) of 16 patients. Grade 3 or higher peripheral sensory neuropathy was reported in 6 (37.5 %) of 16 patients. The incidence of peripheral sensory neuropathy following administration of nab-paclitaxel alone [10] was 92.7 % for all grades and 23.6 % for grade 3 or higher, indicating that the incidence did not differ greatly between the combination therapy and nab-paclitaxel monotherapy. In the present study, peripheral sensory neuropathy led to dose reduction in 7 (43.8 %) of 16 patients and 6 (85.7 %) of 7 patients at level 3a, which was identified as the RD. In addition, peripheral sensory neuropathy led to discontinuation of treatment in 6 of 16 patients (2 patients at level 1a, 1 patient at level 2a, and 3 patients at level 3a), indicating that timely suspension and dose reduction of nab-PTX may be necessary to continue combination therapy for a longer period of time.
Other treatment-related adverse events did not occur more frequently after the combination therapy compared with nab-paclitaxel or S-1 monotherapy.
The pharmacokinetic parameters of S-1 and nab-paclitaxel calculated in this study were compared with those of each compound calculated in previous studies of S-1 monotherapy [11] [12] [13] or nab-paclitaxel monotherapy [14] to evaluate the pharmacokinetics of the two compounds upon coadministration. There were no differences in any of the pharmacokinetic parameters of FT, 5-FU, CDHP, Oxo, or paclitaxel, showing that the pharmacokinetics of S-1 or paclitaxel following S-1/nab-PTX combination therapy for unresectable or recurrent gastric cancer did not differ greatly from the pharmacokinetics of each compound administered alone.
Although SP therapy is a standard first-line treatment for gastric cancer, the present study, despite involving only a small number of patients, showed an ORR of 54.5 % (95 % CI, 23.4-83.3) in patients with measurable lesion(s) defined by RECIST v1.1 and a median PFS of 5.8 months (95 % CI 4.3, not reached) in 16 patients. These outcomes were comparable to the ORR of 54 % and PFS of 6.0 months following SP therapy in the SPIRITS trial [5] , indicating that the S-1/nab-paclitaxel combination therapy can be expected to be as effective as SP therapy. The S-1/nab-paclitaxel combination therapy is also expected to be indicated for patients in whom platinum cannot be used, more specifically, those for whom CDDP is contraindicated, including elderly patients and patients with severe peritoneal stenosis. Furthermore, because the RD for this combination therapy was determined to be the maximum dose of each drug, and the RDI during the first two cycles was acceptable, the combination therapy can be expected to be applied as a preoperative chemotherapy, which is administered on a short-term basis.
While our study was being conducted on a first-line treatment for AGC, the results from the WJOG4007 trial [15] and RAINBOW trial [16] on second-line treatments for AGC were published. The WJOG4007 trial failed to demonstrate the superiority of CPT-11 to weekly paclitaxel in terms of OS. The RAINBOW trial demonstrated the superiority of combination therapy with paclitaxel and ramucirumab to weekly paclitaxel in terms of overall survival (OS). Given these results, paclitaxel was established as a second-line treatment. Currently, the noninferiority of triweekly (260 mg/m 2 ) or weekly (100 mg/m 2 ) nab-paclitaxel to weekly paclitaxel used as a control arm in terms of OS is being evaluated to establish the appropriateness of nab-paclitaxel as a second-line treatment for AGC in the ABSOLUTE trial [17] .
The outcomes of a combination therapy with weekly nab-paclitaxel and S-1 were reported in a phase I study on metastatic breast cancer [18] . The RD was 100 mg/m 2 weekly for nab-paclitaxel and 80 mg/m 2 daily for 2 weeks in each 3-week cycle for S-1. The incidence of grade 3 or higher peripheral sensory neuropathy was 13.3 % (2 of 15 patients), which was lower than the incidence of 37.5 % after the combination therapy in the present study. Although weekly nab-paclitaxel is expected to reduce treatment-related adverse events, combination therapy with weekly nab-paclitaxel and S-1 for gastric cancer is expected to be developed if nab-paclitaxel at 100 mg/m 2 weekly is established by the ABSOLUTE trial (currently in progress).
In conclusion, the S-1/nab-paclitaxel combination therapy evaluated in the present phase I study raised no major safety concerns, although hematotoxicity was enhanced compared with monotherapy with either drug, thereby showing that the combination therapy is a potential new non-platinum-based treatment regimen for unresectable or recurrent gastric cancer. The long-term safety and efficacy of this combination therapy will be evaluated in phase II studies.
